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INTRODUCTION
A variety of compartmental ligands based on phenolic compounds which possess two symmetrical and asymmetrical pendant chelating arms attached to the 2-and 6-positions of the phenol ring have been synthesized. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] These ligands are known to accommodate two homo-or heterometallic 3d metal ions and hence producing dinuclear metal complexes bridged by the deprotonated phenolic group and in some cases by one or two other groups such as acetate, benzoate or hydroxide ions. In many of these compounds, the coordination environment around the central metal ions is "coordinatively unsaturated" and/or the metal ion(s) is coordinated to "weakly bound" ligand(s).
1,2,4-6, [10] [11] [12] [13] This property made this class of compounds to serve as good candidates to mimic biological systems and as a consequence they have been extensively employed to elucidate the structural spectroscopic parameters and to mimic the mechanism of metalloenzymes in catecholase oxidases,
Mn catalases, metallo-β-lactamases (MβL) 7, 13, [26] [27] [28] [29] [30] and particularly in the hydrolytic systems. 8, 21, 31, 32 These includes phosphodiester bonds of biomolecules such as DNA, purple acid phosphatases and Zn phosphesterases. 8, 21, [31] [32] [33] In addition to the advantages of the compartmental dinuclear metal(II) complexes which derived from phenolic compounds in enhancing our understanding for the role of metal ions in the active sides of metalloenzymes, the compounds could provide interesting magnetic properties as a result of the magnetic coupling between the two paramagnetic metal centers (3d [7] [8] [9] ) bridged via the phenoxido group. The close proximity between the bridged metal ions, which is generally within the range of 2.9-4.0 Ǻ provide an excellent pathway for strong antiferromagnetic interaction between the two metallic centers. 1, 2, 4, 28, 30, 34, 35 Also, the magnetic coupling between the two metal ions could be enhanced by inserting another bridging ligand which can further propagate the magnetic coupling. 4, 28, 30, 34, 35 Herein, we report a continuation of our previous studies on dinuclear metal(II) based phenolate ligands. 1,2 Our discussion will be limited on symmetrical tetra-methyl pyridyl compounds namely 
Results and discussion

Synthesis of the complexes
IR spectra of the complexes
The IR spectra of the perchlorate complexes 1-3 displayed the ν(Cl-O) band as broad strong absorption around 1092 cm -1 as in complex 1 or split of the band into two or three bands over the range 1090-1120 cm -1 as observed in complexes 2 and 3, respectively. The broadening or split of the ν(Cl-O) band is attributed to the reduction of the ClO 4 -ion symmetry from T d to C 3υ or C 2υ
symmetries as a result of the involvement of the counter ClO 4 -ion in H-bonding with the ligand or its presence in a distorted location. The dicyanamido hexafluorophoshate complexes 4 and 5 displayed strong absorption band around 840 cm -1 , due to ν(P-F). The latter two complexes showed two series of bands: a strong absorption in the 2160-2180 cm -1 region corresponding to ν s (C≡N) and two weak to medium absorption bands in the 2220-2290 cm -1 region corresponding to ν as (C≡N), and ν s + ν as (C≡N) 38 and these were in agreement with those observed in other monodentate dicyanamido complexes. 39 The frequencies of these peaks were shifted to higher values compared to the corresponding peaks observed in the free dca in its sodium salt (2129, 2232 and 2286 cm -1 ) indicating its coordination. The bridged hydroxido complex 1, revealed the stretching frequency ν(O-H) band at 3429 cm -1 . The complexes also displayed a series of weak to medium intensity bands over the 1610-
Electronic spectra of complexes
The acetonitrile spectra of copper complexes under investigation revealed the presence of two broad maxima over the wavelength regions 440-480 and 700-810 nm. Tables S4 † and 
Please insert Figure 4 close to here
Magnetic properties of complexes
The analysis of the magnetic data was based on the spin Hamiltonian for dinuclear system of the form
where the isotropic exchange (J) and Zeeman term (g) are included. Then, the molar magnetization can be easily calculated using the following analytical formula 
where x = µ B gB.
Moreover, the small amount of monomeric paramagnetic impurity (PI) which accounts for increase of molar magnetization (mean susceptibility) at low temperatures was taken into consideration by Eq. 3
where M PI was calculated using the Brillouin function. Both temperature and field dependent magnetic data of the studied compounds were included into fitting procedures.
The experimental magnetic data of 1 are depicted in Fig. 5 while the J 2 may be assigned to the unknown impurity.
Please insert Figure 5 close to here
Contrary to the case described above, the experimental magnetic data for 2 ( Fig. 6 ) matches well with the expectations where the effective magnetic moment is close to 2.7 µ B at 300 K and continuously decreases to 0.24 µ B at 1.9 K. The maximum of M mol vs. T curve is located at T max = 55.1 K, which corresponds to J = -61.2 cm -1 . Fitting procedure, which was done according to eqs. 1-3, resulted in J = -61.5 cm -1 , g = 2.14, χ TIP = 3.9⋅10 -9 m 3 mol -1 , χ PI = 0.85%, where χ TIP represents the correction to the temperature-independent magnetism (TIP). The strong antiferromagnetic exchange in 3, as compared to 2, is simply evident by its experimental magnetic data (Fig. 7) , where T max located at 243 K was served as an estimate for J = -270 cm -1 . This value is close to that found by the fitting procedure: J = -279 cm -1 , g = 2.17, χ TIP = 0.0⋅10 -9 m 3 mol -1 , x PI = 2.60%. were performed to reveal the effect of these extra bridging on the magnetic properties. Thus, we calculated the isotropic exchange parameters J using the ORCA 3.0 software for compounds 1-3 and extended the calculations also for compounds 4 and 5 for comparison purposes. Following our previous study 1 we used the B3LYP functional and def2-TZVP(-f) basis set to calculate the energy difference ∆, between high spin (HS) and broken-symmetry (BS) spin states:
Please insert Figures 6 and 7 close to here
This energy difference is then used to calculate J-value for the dinuclear spin Hamiltonian defined as
by both Ruiz's approach (7) and by Yamaguchi's approach
The results of DFT calculations are summarized in Table 1 and illustrated in Fig 10. All the Jvalues were found negative and suggesting the presence of antiferromagnetic coupling ranging from ( ) Furthermore, the reliability and suitability of the DFT method used here for calculation of Jparameters can be judged by inspecting Fig. 12 , where all the calculated J-values are compared to those determined by the experimental magnetic data. We can conclude that except for compound 8, 
Please insert Figure 12 close to here Experimental
Materials and physical measurements
The compound bis(2-pyridylmethyl)amine (DPA) was purchased from TCI-America. All other chemicals were commercially available and used without further purification. 
Theoretical DFT calculations
The ab initio theoretical calculations were done with the ORCA 3.0 computational package 49 using the B3LYP functional 50 and polarized triple-ζ quality basis set def2-TZVP(-f) for all the complexes (including all the atoms). 51 The single-point energy calculations were done on molecular fragments based on the experimental X-ray geometries:
All the calculations utilized the RI approximation with the decontracted auxiliary def2-TZV/J Coulomb fitting basis set and the chain-of-spheres (RIJCOSX) approximation to exact exchange. 52 Also, increased integration grids (Grid5 and GridX5 in ORCA convention) and tight SCF convergence criteria were used. The isotropic exchange parameters J were calculated by comparing the energies of high-spin (HS) and broken-symmetry (BS) spin states utilizing both Ruiz's approach 53 and Yamaguchi's approach. 54 Plots of spin densities were done by means of the VESTA 3 software.
55
X-ray crystal structure analysis
The X-ray single-crystal data of compounds 1-5 were collected on a Bruker-AXS APEX CCD diffractometer at 100(2) K. The crystallographic data, conditions retained for the intensity data collection and some features of the structure refinements are listed in Table 2 . The intensities were collected with Mo-Kα radiation (λ= 0.71073 Å). Data processing, Lorentz-polarization and absorption corrections were performed using APEX, and the SADABS computer programs. 56 The structures were solved by direct methods and refined by full-matrix least-squares methods on F 2 , using the SHELXTL 57 program package. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were located from difference Fourier maps, assigned with isotropic displacement factors and included in the final refinement cycles by use of HFIX (parent C atom) or DFIX (parent O atom) utility of the SHELXTL program. Molecular plots were performed with the Mercury program. 58 In case of 2, split occupancy of 0.508 (7) and 0.492 (7) were applied to disordered atoms of one pyridyl moiety. [ added dropwise and this was followed by the addition of NH 4 PF 6 (100 mg, 0.6 mmol). The resulting greenish-blue solution was heated on a steam-bath for 10 min, filtered while hot through celite and then allowed to stand at room temperature. The crude precipitate which separated in the following day was collected by filtration and recrystallized from acetonitrile to afford shiny greenish-blue single crystals. These were filtered, washed with propan-2-ol and Et 2 O and then dried at room temperature (overall yield: 122 mg, 59% }. 4, 28, 34, 47 In this case moderate ferromagnetic to very strong antiferromagnetic coupling was observed.
Please insert
Syntheses of the complexes
[Cu 2 (µ-L Cl -O)(µ-OH)](ClO
The DFT supported analysis of magnetic properties showed that in the case of the doubly bridged complexes 1-3 and 6-9, the key factor determining the nature and strength of the isotropic exchange is the geometry of copper ( Tables S1-S5, Table 1 The DFT-calculated net Mulliken spin densities (ρ), expected values <S 2 >, overlap S αβ between the corresponding orbitals and isotropic exchange parameters (J) from high-spin (HS) and broken symmetry spin (BS) states of the dinuclear molecular fragments based on X-ray structures of 1-9 completed with selected structural parameters. d the τ-parameters were calculated by assuming pentacoordination of copper atoms, hence neglecting semi-coordination of the perchlorate anion in 1 and 2. e in the case of 2-3 and 8-9, the angle was calculated between two bonds Cu-D1 and Cu-D2, where D1 and D2 are donor atoms of bridging ligand X.
TABLES
f in the case of 2-3 and 8-9, the dihedral angle was calculated between Cu-D1-D2-Cu atoms, where D1 and D2 are donor atoms of the bridging ligand X. , χ PI = 2.60%. 
Fig. 10
The calculated the isodensity surfaces of the broken symmetry spin states using B3LYP/def2-TZVP(-f) for molecular fragments of 1-4. Positive and negative spin densities are represented by dark blue, and dark red surfaces, respectively. Hydrogen atoms were omitted for clarity. Fig. 11 The calculated isodensity surfaces of the broken symmetry spin states for molecular fragments of 6 and 7 and high spin states for molecular fragments of 8 and 9 using B3LYP/def2-TZVP(-f). Positive and negative spin densities are represented by dark blue, and dark red surfaces, respectively. Hydrogen atoms were omitted for clarity. 
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